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COMPARTSON OF RELATIVE SENSITIVITIES OF THE KNOCK LIMITS
OF TWO FUELS TO SIX ENGINE VARIASBLES

By Harvey A. Cook, Louis F. Held, and Ernest I. Pritchard

SUMMARY

A sensitive fuel (42 percent S reference fuel, 40 percent
toluens, and 18 percent M reference fuel by volume + 4 ml TEL/gal;
grade 103/145) and a relatively insensitive fuel (100 percent S ref-
erence fuel + 4 ml TEL/gal; grads 153/153) were knock-tested in a
full-scale air-cocled cylinder. Sensitivity was indicated by 4if-
ferent degrees of knock-limited resronse to changes in englne con-
ditions. BSix engine variables were ilnvestigated: (1) fuel-air
ratlo, (2) compression ratio, (3) inlet-air temperature, (4) spark
advance, (5) exhaust pressure, and (&) cylinder tsmperature.

The relative changes in the knock-limited indicated mean affec-
tive rressure and charge-air flow of the two fuels were different
for the slx engine variables and, except for cylinder temnerature,
varied over the range investlgated. These results indicate that,
in order to corrslate the effects of engine variables on knock-
limited performance of fusls, mors basic knock factors than knock-
limited indicated mean effective pressure and charge-air flow are
required. Fuel-alr ratios above the stolchiometric showed the
greatest relative sensitivity of the knocxk limits of the two fuels,
excent for tests at high exhaust pressurs., The relative sensitiv-
itiesa shown in fuel-ailr-ratio and exhaust-pressure tests vecame more
conglistent wlth those for the other engine wvarliables when the fuel-
2ir-ratio date were compared ocn a percentage excess fuel baais
rather than on 2 fuel-alr basis and the exhaust-pressure data were
compared on sither an exhaust to inlet pressure ratio basis or inlet
to exhaust-pressure difference basis rather than on the basis of
gxhaust pressure.
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INTRODUCTION

Tests were conducted at the NACA Cleveland laboratory during
April and May 1945 to determine the effect of engine operating
varlables on the knock-limited performances of a sensitive and a
relatively insensitive fuel and to correlate the effects of engine
variables on the knock limits of fuels in a full-scale air-cooled
cylinder. Data were obtained to show to what extent fuel-air ratio,
compression ratio, Inlet-air temperature, spark advance, exhaust
nressure, and cylinder temperature affected the knock limits of a
gensitive fuel compared with a reletively insensitive fuel. Sen-
sitlvity of a fuel is indicated by the degree of response of the
kmock~limited indiceted mean effective pressure and the charge-air
flow to changes in engine operating cenditions.

APPARATUS AND FROCEDURE

The full-scale alr-cooled single-cylinder test sebtup used in
thls investigation is spown in figures 1 and 2. A spscial high-
compreasion-ratio plston was used in place of a standard piston.
All the tests were run with the fuel injected upstream of the
vaporization tank.

Mixture temperature was obtalned with an iron-constantan ther-
moccuple in the center of the passage downstream of the vanorization
tank. Cylinder itemperatures were messured by iron-constantan thermo-
couplas at the rear spark-plug bushing (at a point one-fourth in.
below the sparx plug and about one-half in. from the combustion
chamber), at the exhaust end zone (in the head approximately one-
eighth in. from the combustion chamber, one-fourth in. above the
barrel, and 30° to the rear of the cylinder from the exhaust side of
the head), and at the rear middle barrel.

The difference between the static pressure of the cooling air
in front of and behind the cylinder was used as the cooling-air
pressgure drop. This pressure drop wes multiplied by o, the ratio
of the density cf air ahead of the cylinder to a standard air density
of C.0765 pound per cublc foot.

All tests wers conducted at an engine apeed of 210C rpm. Each
engine variable was investigated sevarately. The range of each
variable and the basic value at which it was malntained in the tests
of each of the other variables are glven In the followling table:

%0
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Engine variable Basic value Range investigated
Fuel-air ratio 0.078 0.058-0.112
Compression ratio 6.9 6.9-10
Inlet-alr temperature, °F 200 150-325
Spark advance, both plugs, 20 15-40

deg. B.T.C.
Exhaust pressure, in. Eg. absoclute 10 10-73
Cylinder temperature at exhaust 500 446-500

end zone, CF -

SELECTION OF FUELS

The sensitive fuel was obtained by blending 42 nercent S ref-
erence fuel, 47 percent toluene, and 18 percent M reference fuel by
volume plus 4 ml TEL per gallon. For this fuel F-3 and F-4 ratings
of 103 and 145 merformance number, respsctively, were obtalned at
the NACA Cleveland laboretory.

The insensitive fuel consisted of 100 percent S reference fuel
with a concentration of TEL per zellon sufflcient to cause the
knock-limited performance to equal that of the sensitive fuel at the
basic engine conditions. A fuel-air ratio of 0.08 was originally
selected as & basic value but was changed to 0.078 when preliminary
tests on the full-scale alr-cooled cylinder showed that the knock
limit of S reference fuel plus 4 ml TEL per gallon matched the knock
limit of the sensitive fuel at a fusl-sir ratlo of 0.078. Ths F-3
and P-4 ratings (153 performance number) of the insensitive fuel arse
by definition the same.

RESULTS AND DISCUSSION

From a consideration of the differences in F-3 and F-4 ratings
of the two fuels, the sensitive fuel would be expected to show the
greatest change of knock-limited performence with varying engins
operating conditions. That this result did occur is shown by the
knock-limited performences of the two fuels presented in figures 3
toc 8.

The engine performence wilth the sensitive fusl differed from
that with the insensitive fuel in that the sensitive fuel imposed a
higher cooling load on the cylinder than the ilnsensitive fuel.
This higher cooling load, as indicated by the bigher cooling-sir
pressure drops at the bhasic engine conditions, occurred in spite of

3
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the fact that the mixture temperature with the sensitive fusl was
about 5° F lower than that with the insensitive fuel. The differ-
ence in mixture temperature 1ls attributed to the heats of vapori-
zation of the fuels, whereas the dlfference in cooling loads is
attributed to cambustion characteristica.

The temperature of the rear spark-plug bushing varied during
the tests, (in all of the tests except the cylinder-temperature
tegt, the exhaust end-zone temperature was held constant at 500° F)
thus indicating changes in the temperature distribution of the cyl-
inder head. These changes in cylinder temperature distribution
probably had little effect on the knocik~test results because varying
the cylinder temperature (fig. 8) had little effect on the knock
limits of' elther fusl.

The range of cylinder-temperature tests was limited by the
maximum coolling-air pressure drop available and by the noor sealing
of the plston rings at exhaust end-zone temperatures higher than
S00° P. Changes in the sealing of the piston rings were indicated
by erratic increases in the crankcase pressure (from a normal value
of 3 in. to more than 7 in. of water) and increasea in barrel tem-
perature from 2bout 30° to 50° F. This condition occurred more
often with the sensitlive fuel than with the insensitive fuel and in
moat cases the erratic increases in crankcase pressure were accom-
panied by rough running. This same effect of high cylinder tem-
perature also occurred in the variable exhaust-pressure tests,
Short periods of operation under such conditions caused extremely
rapid wear of piston rings, which necessitated frequent replacemsnt.

Indicated speciiic fuel consumptlions were approximately the
game for both Tuels except for a small difference at lean mixtures
in the varieble fuel-air-ratio tests (fig. 3). The difference in
specific fuel consumptions near the stoichiometric fuel-air ratios
(0.089 for semsitive fuel and 0.066 for insensitive fuel) is attrib-
uted to the chemical properties of the fuels. The decresse in
indicated specific fuel consumption with high exhaust pressure
(fig. 7) did not appsar as an equal reduction in brske specific
fuel consumption because the motoring horsepower of the engine
increased at the higher exhaust pressures.

The knock-limited indicated mean effective pressures presented
in figures 3 to 8 are replotted in figure 2 and the corresponding
knock-limited charge-air flows are presented in figure 10. In order
that the date can be more easily compared, each curve has been
shifted, to compensate for day-to-day variations, so that all paes
through a common point at the basic engine conditions. The amounts
the curves were shifted are shown in the following table:

4
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Amount of shift
Knock-limited charge- Knoc%—l?mited %mep
air flow 1b/sg in.;
Variable (lb/hr)

Sengitive|Insensitive | Sensitive:Insensitive

fuel fuel fuel fuel
Fueli-air ratio 0 -12 0 -4
Compression ratio 4 8 -1 3
Inlet-alr temperature 14 13 1 3
Spark advance 12 10 S 6
Exhaust pressure 1 11 3 6
Cylinder temperature T 10 3 6

The maximum shift of any of the curves is 2 percent of the values
at the basic engine conditions.

Variations in knock-limited indicated mean effective pressure
and charge-air flow show similar trends for both fuels (figs. 9
and 12). If the engine veriables affected the knock limit of the
gensitive fuel & constant amount relative to the insensitive fuel,
a plot of the change of the knock limit of the senslitive fuel
agalnet that for the inssensitive fuel would result In a straight
line. The slope of the 1line would indicate the relatlve sensitivity
of the two Tuels. The fact that the data fall along several curved
lines rather than a single straight line shows that the relative
sensitivity was different for the six engine variatbles and varies
over the range of the variable (fig. 11). The relative sensitiv-
ities at the basic conditions are as follows:

Relatlve gensitivity 2t the basic conditions
imep Charge-air flow
2.1

Variable

Fuel-air ratio 2.6
Compression ratic 1.8
Inlet-air temperaturs 1.6
Spark advance 1.8
Exhaust pressure 1.3
Cylinder temperature 1

In the case of scme variables, the variation of the relative
sensitivity over the range investigated was quite large, Fuel-alr
ratlos above the stoichlometric showed the greatest relative sensi-
tivity of the knock limits of the two fuels, except for theo tests

S
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at high exhauvst pressures. The results of the varlable exhaust-
rressure tests dirfer considerebly from the other test results.
Increasing the severity of engine conditions by increasing compres-
sion ratio, inlet-alr temperature, or sperk advance decreessed the
relative sensitivity from that shown at the basic conditions. The
change in knock limit witk cylinder temwperature was too small to
show variation, if any, 1n the relative sensitivity. The variation
of relative sensltivity of the two fuels to engine conditions
indicates that, in order to corrslate the effscts of engine vari-
ables on knock-limited performance of fuels, more basic knock fac-
tors than ¥nock-limited indicated mean effectivs pressure or charge-
air flow ars required.

The comparison of the effects of fuel-eir ratio on the knock
limits of the two fuels was improved by using percentage excess fuel
(based on sbtoichiometric fuel-air ratio) rather than fuel-air ratio
directly. Figure 12 shows that the relative sensitivity of the two
fuels was decressed when determined on a percentage excess fuel
basis rather thaan on a fuel-alr-ratic basis and therefore was more
consistent with the results of tests of the other engins variables
except exhaust pressure. The use of a percentage excess fuel basis
rather than & fusel-air-ratio basis, which improved the comparison
of the fuel-asir-ratio test results, indicates that the comparison
of other engine variable test results should have been mede on a
nercentage excess Tuel bzsis. The higher cooling load on the engine
when using the seunsitive fuel at the basic engine conditions com-
pared with the 1lnsensitive fuel was due in part to the fact that a
fuel-air rasio of 0.078 is 13 percent excess fuel for the sensitive
fuel and 18 percent for the insenslitive fuel.

This difference in excess fuel at a fuel-air ratio of C.078
undoubtedly has a large effect on the exhaust-pressure tests through
its effect on the temperature of the residual gases. A higher
residual gas temperature with the sensitive fuel could account in
part for the increase in relative sensitivity at high exhaust
pressures,

The relative sensitivity of the knock limitas of the fuels to
exhaust pressure is shown in figure 13 on both an sxhaust to inlet
pressure ratic basis and an inlet pressurs minus exhaust pressure
bases. Both methods show an improvement over using exhaust pres-
sure alone in that the resulits are much more consistent with those
of the other variables tested. Data presented herein are too
limited to prove which of the two methods is actually the best to
use.



NACA TN No. 1117

The comparison of knock-test results was imnroved when the
exhaust pressure was related to the inlet nressure, which indicates
that in comparing the sensitivitles of the knock limits of fuels to
engine variables a constant relation of exhaust pressure to inletd
pressure should be maintained rather than a constent exhaust pres-~
sure. In the fuel-air-ratio tests, for example, the exhaust to
inlet pressure ratio varied from 0.19 to 0.15 and 0.18 to 0.16 for
the sensitive and inssnsitive fuels, respectively. Holding a
constant exhaust %o inlet pressure relation would have tended to
lower the relative sensitiviity of the knocx limit of the two fuels.

SUMMARY OF RESULTS

From knock tests of two fuels of diffserent sensitivity in which
slx engine varlables were investigated on a full-scale air-cooled
cylinder it was found that the relative changes in the knock-limited
indicated mean effective pressure and the charge-air flow of the two
fuels were dilfrerent for the six engine variables and, excent for
cylinder temperature, varied over the ranges of the variables, These
results indicate that, in order to correlate the effects of engine
variables on knock-limited performance of fuels, more basic knock
factors than knock-limited indicated meen effective pressure or
charge-alr flow are required. TFuel-air ratios above the stolchio-
metric showed the greatest sensitivity of the knock limits of the
two fuels, except for tests at high exhaust pressure. The relative
genaltivities ghown in fuel-air-ratio and exhaust-pressure tests
beceme more consistent with those for the other engine veriasbles
when the fuel-air-ratio data were compared on & percentage excess
Tuel basis and the exhaust-pressure data wers compared on either an
sxhaust to inlet pressure ratio basis or inlet to exhaust pressure
difference besia.

Alrcraft Engire Rssearch Laboratory,
Netional Advisory Committoe for Aeronautics,
Cloveland, Ohlo, March 4, 19486.
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